ABSTRACT: Histological and cell-level changes in the lumbar musculature in individuals with chronic lumbar spine degenerative conditions are not well characterized. Although prior literature supports evidence of changes in fiber type and size, little information exists describing the tissue quality and biology of pathological features of muscle in this population. The purpose of this study was to quantify multifidus tissue composition and structure, inflammation, vascularity, and degeneration in individuals with chronic degenerative lumbar spine pathology. Human multifidus biopsies were acquired from 22 consecutive patients undergoing surgery for chronic degenerative lumbar spine pathology. Relative fractions of muscle, adipose, and extracellular matrix were quantified along with muscle fiber type and cross-sectional area (CSA) and markers of inflammation, vascularity, satellite cell density, and muscle degeneration. On average, multifidus biopsies contained 48.5% muscle, 11.7% adipose tissue, and 26.1% collagen tissue. Elevated inflammatory cell counts (48.5 AE 30.0 macrophages/mm 2 ) and decreased vascularity (275.6 AE 69.4 vessels/mm 2 ) were also observed compared to normative values. Satellite cell densities were on average 13 AE 9 cells per every 100 muscle fibers. Large fiber CSA (3,996.0 AE 1,909.2 mm 2 ) and a predominance of type I fibers (61.8 AE 18.0%) were observed in addition to evidence of pathological degeneration-regeneration cycling (18.8 AE 9.4% centrally nucleated fibers, and 55.2 AE 24.2% of muscle regions containing degeneration). High levels of muscle degeneration, inflammation, and decreased vascularity were commonly seen in human multifidus biopsies of individuals with lumbar spine pathology in comparison to normative data. Evidence of active muscle degeneration suggests that changes in muscle tissue are more complex than simple atrophy. ß
Low back pain (LBP) is a complex condition that affects 65-85% of the general population during their lifetime, and is highly correlated with chronic degenerative lumbar spine pathology. [1] [2] [3] [4] Although most LBP is considered self-limiting in nature, recent evidence suggests that a high proportion of individuals go on to develop recurrent symptoms leading to poor functional outcomes over time. [5] [6] [7] In individuals who continue to experience recurrent or chronic symptoms, muscle tissue has been shown to be relatively unresponsive to traditional rehabilitative efforts, suggesting injured tissue is not recovering appropriately. 8, 9 As such, understanding the structural changes in muscle in the presence of degenerative lumbar spine disease is essential to determining appropriate treatment strategies for optimal recovery.
The current body of evidence generally supports the notion that paraspinal muscle structural and energetic features are altered in the presence of LBP. 10, 11 For example, fatty atrophic changes have been observed in whole muscle imaging studies of the multifidus in individuals with chronic degenerative lumbar spine pathology compared to healthy controls. 12, 13 Similarly, decreased single fiber cross sectional areas (CSA's) have been observed with histology, although there are conflicting reports, and the changes are small. 10, 14 Furthermore, the majority of literature investigating histological features of LBP has focused on fiber type specific changes, which suggest selective atrophy of type II fibers and a shift in fiber type from oxidative to glycolytic. 10, 15 Non-specific pathological changes such as core targetoid or moth-eaten features in muscle fibers have also been qualitatively described, but rarely quantified in this population. 16, 17 Importantly, muscle atrophy, fatty infiltration, and pathological features are often interchangeably termed "muscle degeneration," despite being biologically distinct processes. [18] [19] [20] More quantitative and specific measures of muscle degeneration, including direct measures of membrane disruption, cell necrosis, and inflammatory myophagocytosis have not been performed in humans with degenerative lumbar spine pathology.
Comparing both macrostructural and microstructural properties of muscle tissue is necessary for characterizing atrophic and/or degenerative changes in muscle tissue as a function of disease severity. Distinguishing degeneration from atrophy is important because current rehabilitative paradigms aimed at reversing muscle atrophy do not seem to induce the expected hypertrophic adaptations seen in normal skeletal muscle, and may actually contribute to further tissue damage. 8, 9 These structural and compositional features of muscle provide information regarding the underlying mechanisms of muscle loss, which is essential for understanding appropriate treatment guidelines and prognoses for individuals with this condition. Therefore, the purpose of this study was to characterize muscle structural features that are directly related to muscle function, such as tissue content, muscle fiber degeneration, CSA, regeneration, fiber type, vascularity, and inflammation.
METHODS
This was a cross-sectional prospective observational study (Level I) of twenty-two patients scheduled for lumbar spine surgery for degenerative conditions who were consented for a multifidus muscle biopsy (Table 1) . This study was performed in accordance with Declaration of Helsinki and under approval of University of California San Diego Institutional Review Board. Patients were included if they were undergoing a primary posterior-approach procedure, and did not have any diagnosed myopathy or systemic neurological condition. Preoperative clinical MRI's were analyzed and graded by an orthopedic surgeon and separately by a research fellow in radiology with no conflicting grades across patients, according to muscle fatty infiltration grade (Kjaer grade), with grade 0 corresponding to <10% fatty infiltration, grade 1 corresponding to 10-50% fatty infiltration, and grade 2 corresponding to >50% fatty infiltration. 13 Biopsies (approximately 100 mg) were harvested from the multifidus muscle during surgical approach at the spinolaminar border of the affected vertebral level. For individuals with unilateral symptom presentations, biopsies were obtained on the affected side, and for those with bilateral symptoms, biopsies were obtained based on surgeon's approach preference. Biopsies were immediately pinned at in vivo length using a custom biopsy clamp 21 and flash frozen in liquid nitrogencooled isopentane and transported on dry ice back to the laboratory. Samples were stored at À80˚C until processing.
Ten-micron sections were obtained from OCT-embedded frozen samples using a Leica (CM3050S, Buffalo Grove) cryostat. Hematoxylin and Eosin (H&E) and Gomori Trichrome stains were used to visualize gross muscle morphology and quantify tissue content. 22 ImageJ (http://imagej.nih. gov/ij) was used to automatically quantify the relative fractions of muscle, adipose, loose collagen, and dense collagen in Trichrome-stained biopsy. 23 Briefly, tissue type was determined by manual intensity thresholding of the red (muscle), green (loose collagen), and blue (dense collage) channels of whole-section RGB images, while adipose tissue was identified morphologically and traced. 22, 24 Inflammatory cells were quantified by calculating the number of CD68þ macrophages (Novocastra, CD68-L-CE) per square millimeter of tissue in the whole biopsy cross section. 25 Similarly, vascularity was quantified using the number of Von Willebrand Factor positive vessels (Sigma F3520) per square millimeter. 26 Muscle satellite cells were quantified by calculating the number of Pax7þ cells (R&D Systems, MAB1675) per muscle fiber in 10 randomly chosen 20Â fields from each biopsy cross section. Samples were counterstained with Laminin-111 or -211 to identify muscle basal laminar borders (LAMA1 (Sigma L9393) or LAMA2 (Vector VP-M648)) and 4 0 6-diamidino-2-phenylindole (DAPI) and coverslipped with Vectamount mounting medium (Vector H-5000). Numbers of centrally nucleated fibers were calculated based on presence of DAPI signal within muscle fiber areas in six randomly chosen fields from each biopsy cross section. Muscle degeneration was quantified by super imposing a 1 mm 2 grid over each biopsy cross-section and calculating the number of quadrants containing degenerative muscle fibers (myophagocytosis, core fibers, moth eaten fibers, or infiltration of cells throughout the myofiber 27 ), divided by the total number of quadrants containing muscle fibers. Silver-stain gels were used to quantify relative myosin heavy chain (MyHC) isoform content for MyHC I, IIa, and IIx isoforms. 28 
Statistical Analysis
For fiber area, inflammation, vascularity, centrally nucleated fibers, and degeneration, comparisons across Kjaer grades were made using one-way Analyses of Variance with Tukey post-hoc tests when appropriate. Tissue content fractions were compared across Kjaer grades with a two-way Analysis of Variance with a post-hoc Tukey test when appropriate. All statistical analyses were performed using Prism (GraphPad, CA). The p-value for significance was set at 0.05, and trends were defined as p values of <0.1. Data are reported as mean (standard deviation).
RESULTS
Of the 22 patients, 3 were categorized as Kjaer grade 0, 13 were categorized as Kjaer grade 1, and 6 were categorized as Kjaer grade 2, indicating that the majority of surgical patients demonstrated between 10% and 50% multifidus fatty infiltration levels (Table 1) . Interestingly, the individuals in the Kjaer grade 1 category also demonstrated highest levels of pain on the Numeric Pain Rating Scale and LBP related disability on the Oswestry Disability Index. Age increased significantly across Kjaer grade categories (p ¼ 0.0002), and there were more men than women in all categories. The majority (60%) of individuals participating in the study were undergoing laminectomy procedures, with 16% undergoing instrumented fusion, and 16% undergoing discectomies. Three individuals underwent both a laminectomy and discectomy in the same procedure. All but four individuals underwent multi-level surgical procedures to the lumbar spine. On average biopsies were composed of 48.5 (14.8)% muscle, 11.7 (9.7)% adipose tissue, 11.2 (9.5)% dense connective tissue, and 14.9 (7.1)% loose connective tissue. There were no differences in tissue composition across Kjaer grades (p ¼ 0.43) (Fig. 1) .
Muscle fibers had CSA's averaging 3,996 (1,909) mm 2 , which are larger than previously 15 (Fig. 2) . Decreased vascularity was prominent in biopsies as compared to previously published normative values for healthy human skeletal muscle, 26, 30 with an average vessel density of 275.6 (69.4) vessels/mm 2 (Fig. 3A) . Conversely, there were high levels of inflammation as measured by CD68þ cell density, with an average of 48.5 (30.0) cells/mm 2 , which is over four times higher than macrophage densities reported for healthy muscle 31, 32 ( Figure 3B ). There were no significant differences in vascularity (p ¼ 0.76) across Kjaer grades, although there was a trend for higher inflammatory cell densities in the Kjaer grade I group (p ¼ 0.08).
Approximately 85% of all section regions contained muscle fibers when analyzed for signs of degeneration. Within the muscle-containing regions, a majority contained signs of degeneration (55.2 (24.2)%) (Fig. 4A) , and 60.5 (27.0)% contained evidence of peri-or intramuscular adipocyte infiltration. Satellite cell densities were consistent with, or slightly higher than previously reported norms in human muscle 33 cells/100 muscle fibers with no differences in satellite cell number across Kjaer grade (p ¼ 0.42) (Fig. 5A and  B) . Similarly, the percentage of centrally nucleated myofibers was significantly higher (18.9 (9.6)%) than the threshold that is considered normal (3%) in healthy skeletal muscle 34 (Fig. 4B) . Importantly, because the quantified regions of degeneration were high, and evidence of muscle loss (ie, infiltration of other tissue types) was present throughout the biopsy regions, this indicates that regeneration (centrally nucleated fibers) was not sufficient to maintain or restore a normal muscle phenotype. There were no differences in percentage of centrally nucleated myofibers (p ¼ 0.57) or degenerated regions (p ¼ 0.61) across Kjaer grades.
DISCUSSION
This data represents novel information on quantitative measures of tissue composition, vascularity, inflammation, and satellite cell density in individuals undergoing surgery for chronic lumbar spine pathology. An additional novel finding is the profound extent to which this patient population demonstrates multifidus muscle degeneration, in conjunction with elevated inflammation, fiber size, and large proportions of adipose and connective tissue. Additionally, the muscle is predominantly composed of type I fibers, and demonstrates decreased vascularity. This indicates muscle degeneration without concurrent signs of atrophy at the individual fiber level, and is generally stable across levels of whole-muscle fatty infiltration 
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as measured by Kjaer grade. Importantly, this is the first study in humans to quantify tissue composition to this depth and breadth; to date similar studies of histological changes involving measures of inflammation and tissue composition have only been performed in animal models of disc herniation. 14, 35, 36 While many studies have investigated fiber type and diameters of multifidus muscles, only one study has investigated vascularity of the multifidus in healthy humans, 30 and no previous study has reported or quantified the effects of degenerative lumbar spine pathology on multifidus vascularity, inflammation, or satellite cell density.
Fiber Type and Area
Our data are consistent with prior literature describing the predominance of type I fibers in the multifidus muscle, regardless of presence of pathology. Prior literature reports ranges between 54% and 77% for proportion of type I fibers in the multifidus muscle 10, 11, 37 and our data are in the middle of that range (62%). However, a larger proportion of type IIx fibers (16.6 (13.2)%) was observed when compared to healthy individuals (9-10%). 15, 16, 38 Interestingly, although muscle fiber proportions were consistent with prior literature, muscle fiber CSA in our biopsy samples tended to be slightly larger than previously reported norms for healthy multifidus fibers, and did not differ across fiber types. 29, 39 While absence of multifidus fiber atrophy in degenerative spinal pathology has been demonstrated in a recent animal experiment, 14 this data represents the first human evidence that fiber atrophy may not be the primary mechanism of muscle volume loss in chronic lumbar spine pathology.
Vascularity and Inflammation
Measurements of local inflammation and vascularity in human multifidus muscles in individuals with chronic degenerative lumbar spine pathology have not been directly investigated in previous studies. Normative values for vascular density using similar methods have been determined in other healthy human skeletal muscles such as the vastus lateralis 26 and erector spinae. 30 Our measurements demonstrated a significant deficit in capillary density compared to the previously reported norms, which may have implications for efficiency of metabolite clearance and uptake, or could be reflective of the diminished proportion of healthy muscle in the biopsy. These densities should be interpreted with caution as blood vessel quantification from cross-sections may include multiple branches of vessels from a single capillary bed. 40 Additionally, vascular densities across different muscle groups and regions are likely to be variable. Conversely, the density of inflammatory cells was over fourfold higher than previously reported norms in healthy skeletal muscle (1-10 macrophages/mm 2 ). 31 These increases were most profound in those with Kjaer grade I fatty infiltration. This suggests that inflammation may play an important role in the progression of muscle degeneration, as well as potentially contributing to painful symptoms.
Muscle Degeneration
Previous studies have shown that, compared to healthy individuals, patients with LBP qualitatively display signs of muscle pathology including core and targetoid fibers, abnormally shaped fibers, and motheaten fibers ranging from 1% to 21% of histological specimens. 16, 37, [41] [42] [43] Our study demonstrated more than double these levels of degeneration in the muscle (55% of muscle regions contained degenerative fibers) using more specific methodology for quantification. We also saw a concomitant increase in regenerative signs (6-fold increase in centrally nucleated fibers compared to normal thresholds. 34 This high level of degeneration, without evidence that the muscle is returning to a healthy histological phenotype despite some regenerating fibers, suggests that there is an imbalance in degeneration and regeneration in this condition. Our data also demonstrate the existence of Pax7þ cells, suggesting that the regenerative machinery is present within the remaining muscle, despite high levels of degeneration. However, the presence of these cells in isolation does not provide information regarding whether these cells are activated or quiescent. Together, these data suggest that an imbalance in the degenerative-regenerative process in muscle may have a more profound influence on the progression of muscle changes in chronic degenerative lumbar spine pathology than previously suggested. However, it is difficult to interpret the relative magnitude of muscle degeneration since quantifications of degeneration in healthy muscle do not currently exist.
Age-Related Influences
It is well known that age is a common confounder in muscle-related investigations of chronic musculoskeletal conditions. This is not surprising, given that individuals with longer duration of symptoms are generally older, and therefore uncoupling the effects of age from pathology is difficult. Recent data support that ageing accounts for approximately 30% of the variance in fatty composition of the multifidus and erector spinae muscles in individuals with chronic lumbar spine pathology; however, there seems to be more fatty infiltration in individuals with disease compared to their healthy counterparts, regardless of age. 12 It is possible that many of the pathological changes that are observed in the current study are due to the aging process since there was a significant increase in age concurrent with Kjaer grade. However, when the current analyses were adjusted for age, the results were identical, although a slightly stronger trend was observed for inflammatory cell densities across Kjaer grade (p ¼ 0.06 vs. p ¼ 0.08).
LIMITATIONS/FUTURE DIRECTIONS
There were several limitations to this study. First, recruitment was based on convenience sampling from a surgical population, so equal stratification across Kjaer grades, specifically in the grade 0 category which had the lowest sample size, was not achieved. This may affect power to detect differences in markers of muscle health across the different grades of fatty infiltration. Similarly, although muscle biopsy locations were standardized, the histological measurements only represent a small portion of the multifidus muscle and may not reflect whole muscle biology. Due to heterogeneity in the location of spine pathology, samples and Kjaer grades were often obtained from different lumbar spine vertebral segments, which may increase variability associated with architectural or physiological differences along the lumbar spine. Despite these limitations, the quantification of vascular and inflammatory cell densities as well as markers of cellular degeneration and regeneration provides novel information on pathological multifidus muscles, and supports the notion that atrophy and degeneration do not appear interchangeable in chronic degenerative spine conditions. This information may provide insight and direct future research on possible mechanisms of muscle loss and replacement by fat and connective tissue, and ultimately provide information on how to prevent this process.
CONCLUSIONS
Multifidus muscles in individuals with lumbar spine pathology demonstrate profound levels of muscle loss via imbalanced degeneration/regeneration, increased inflammation, and decreased vascularity. For these reasons, treatments aimed at reversing simple atrophy (i.e., muscle overload) may not be appropriate. This framework is consistent with the finding of unresolved "atrophy" in these patients, despite postoperative improvements in pain, and rehabilitation efforts.
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